Life experiences can induce epigenetic changes in mammalian germ cells, which can influence the developmental trajectory of the offspring and impact health and disease across generations. While this concept of epigenetic germline inheritance has long been met with skepticism, evidence in support of this route of information transfer is now overwhelming, and some key mechanisms underlying germline transmission of acquired information are emerging. This review focuses specifically on sperm RNAs as causal vectors of inheritance. We examine how they might become altered in the germline, and how different classes of sperm RNAs might interact with other epimodifications in germ cells or in the zygote. We integrate the latest findings with earlier pioneering work in this field, point out major questions and challenges, and suggest how new experiments could address them.
More than a decade after the completion of the human-genome project, modern biology is deeply entrenched in the challenging quest to unravel the many layers of genome regulation that control gene expression. In the era of ENCODE, the follow up to the human-genome project with the goal to map all functional DNA elements, we are witnessing the full, unprecedented complexity of this challenge (Kellis et al. 2014) . The focus of this review is to outline how our ancestors' life experiences contribute to this puzzle. This builds on the premise that life experiences can induce epigenetic changes in the germline (sperm and eggs), which can influence the developmental trajectory of the offspring and impact health and disease across generations, a concept called epigenetic germline inheritance (Bohacek & Mansuy 2015) . Experimental support in favor of epigenetic germline inheritance through the mammalian male line (where confounding in utero effects can be better controlled; has been building over at least 15 years [for recent reviews see (Bohacek & Mansuy 2015; Nilsson & Skinner 2015; Sales et al. 2017; Wei et al. 2015) ]. However, the very concept that acquired epigenetic changes could be inherited was long met with great skepticism, largely because of mechanistic constraints (such as epigenetic reprogramming in the germline and early embryo) that are reviewed in detail elsewhere (Bohacek & Mansuy 2012; Daxinger & Whitelaw 2012; Heard & Martienssen 2014) . However, these conceptual limitations have now been turned on their head by a striking series of experimental observations over the last couple of years, which clearly show the transmission of acquired changes to the offspring through the germline in mammals (Chen et al. 2016a; Gapp et al. 2014; Grandjean et al. 2015; Rodgers et al. 2015; Sharma et al. 2016; Zeybel et al. 2012) .
A short history of germline epigenetic inheritance in mammals
The first proof of concept in support of germline epigenetic inheritance in mammals was provided by the team of Emma Whitelaw using mouse models based on metastable epialleles (Morgan et al. 1999; Rakyan et al. 2003) . These epialleles show variable gene activity linked to altered epigenetic profiles that can either bypass epigenetic reprogramming in the germline or be reinstated after erasure, thereby, conveying an epigenetic signal and specific phenotypes to their offspring.
In 2005, Michael Skinner and his team published the first clear evidence that an environmental factor -exposure to an endocrine disruptor called vinclozolin -can lead to stable, heritable changes across several subsequent generations in rats (Anway et al. 2005) . Around the same time interest in the phenomenon of heritability of environmentally triggered traits in humans was nourished by the groups led by Lars Olov Bygren and Marcus Pembrey, who reported heritable health effects of smoking and nutritional status (Kaati et al. 2002; Pembrey et al. 2006) . In search of the mechanisms underlying transmission, the majority of work for the next 10 years focused on DNA methylation (DNAme). DNAme is a highly stable and heritable mark that was already well-known for its role in genetic imprinting, a phenomenon where parental effects regulate gene expression in the offspring through epigenetic marks passed through the germline (Adalsteinsson & Ferguson-Smith 2014; Peters 2014) . While the bulk of this work has been extensively reviewed elsewhere (Bohacek & Mansuy 2012; Holland & Rakyan 2013; Nilsson & Skinner 2015) , a series of recent studies focused on sperm RNAs have radically shifted the focus of the entire field away from DNA methylation. The journey of sperm RNAs was started by rigorous work conducted by Stephen Krawetz and colleagues, who discovered that many RNA species are present in mammalian sperm cells, and these RNAs can be delivered to the oocyte upon fertilization (Krawetz 2005; Ostermeier et al. 2004 ). This was followed by the discovery of Minoo Rassoulzadegan's lab that injecting RNAs harvested from sperm or somatic tissue of transgenic mice (and even synthesized RNAs) into naïve zygotes can have profound effects on the health and development of the offspring and transfer complex phenotypes across subsequent generations (Rassoulzadegan et al. 2006 ). We will discuss the importance of this work in detail later. Then, different labs simultaneously identified that sperm RNAs can change in response to life experiences (Fullston et al. 2013; Gapp et al. 2014; Rodgers et al. 2013) , until work by Isabelle Mansuy and colleagues showed in 2014 that sperm RNAs can serve as causal vectors to transfer complex, acquired phenotypes from father to offspring (Gapp et al. 2014) . Specifically, traumatically stressful early life experiences were shown to induce metabolic and behavioral changes in mice, which could be transmitted through the RNAs contained in sperm cells to the offspring. In the few years since, other laboratories reported similar findings in studies focused on stress as well as diet, and have begun to home in on individual RNAs (particularly miRNAs thus far) as specific information carriers (Rodgers et al. 2015; Grandjean et al. 2015; Chen et al. 2016a) . Only recently, fragmented tRNAs and their modifications have also been suggested as transgenerational information carriers Kiani et al. 2013; Chen et al. 2016a) , and new reports are quickly accumulating to show changes in the RNA payload of sperm cells after various environmental challenges (de Castro Barbosa et al. 2016; Schuster et al. 2016a; Short et al. 2016) .
Epimodifications and epigenetic germline inheritance
The field of germline epigenetic inheritance focuses on understanding how the environmental experiences of parents can influence their offspring. The mechanisms currently thought to be involved in this process include DNAme and other covalent DNA modifications, posttranslational histone modifications (HPTMs) or histone composition, the ever-expanding repertoire of noncoding RNAs, and possibly 3D chromatin structure (Chen et al. 2016b; Bohacek & Mansuy 2015) . As all these processes are intrinsically linked and interact with each other, this review simply refers to environmentally induced changes that can occur in germ cells and impact the offspring on the level of chromatin and noncoding RNAs as 'epimodifications ' (Fig. 1; .
Almost every major review on the topic of epigenetic germline inheritance discusses the importance of differentiating between inter-and transgenerational inheritance. This distinction is based on whether transmission of environmentally induced effects is observed in the direct offspring (in which the germ cells have 'directly' been exposed to an environmental challenge), or whether transmission also occurs in the subsequent generation(s). This distinction is important as it relates to whether an induced change is transient or can propagate transgenerationally by being reinstated in the offspring during gametogenesis (Jirtle & Skinner 2007 ). However, a prerequisite for both interand transgenerational inheritance through the germline is a mechanism by which environmental factors can induce epimodifications in a developing or existing germ cell population, and another mechanism by which these epimodifications impact the developing embryo. In this review, the term 'epigenetic germline inheritance' encompasses both inter-and transgenerational transfer, unless otherwise specified. Epigenetic germline inheritance requires that environmental factors experienced by parents can influence the offspring in a germline-dependent manner , thus the most critical demonstration is that the effect on the offspring is truly germline dependent. As discussed recently in detail elsewhere (Bohacek et al. 2016; , the routine use of assisted reproductive techniques is necessary to unequivocally show male-germline-dependence of inherited phenotypes and rule out the many confounding factors that can influence the offspring independent of the germline (e.g. social inheritance etc.).
Learning from the past
In light of the recent excitement about the role of sperm RNAs in epigenetic germline inheritance (Chen et al. 2016a; Gapp et al. 2014; Sharma et al. 2016) , we need to consider early pioneering work by the group of Minoo Rassoulzadegan. Her research on RNA-mediated inheritance was initially based on the observation that wild-type offspring of transgenic male mice (heterozygous for the tyrosine kinase receptor Kit) still express phenotypical features of their transgenic fathers (tail pigmentation changes) (Rassoulzadegan et al. 2006) . In 2006, she showed that this effect was causally dependent on an accumulation and transmission of Kit RNA fragments from sperm to oocyte. Subsequently, her group described similar effects for Cdk9 and Sox9, genes which can be upregulated after the injection of homologous small RNAs into fertilized oocytes and cause profound transgenerationally inherited phenotypes (cardiac hypertrophy and gigantism, respectively; Wagner et al. 2008; Grandjean et al. 2009 ). Unfortunately, it appears as if the artificial nature of the induction mechanism (transgenic mice or injection of RNAs into fertilized oocytes) and the description of these phenotypes as 'paramutations' in reference to similar phenomena in plants (Brink 1956) , might have relegated these findings into a category detached from epigenetic germline inheritance of environmentally acquired traits. This is somewhat disappointing, because the conceptual proof of RNA-dependent epigenetic germline inheritance in other model systems such as Caenorhabditis elegans also relied on the introduction of engineered genetic constructs (Ashe et al. 2012) . Presumably, the findings were also too far ahead of their time. As it stands, more than 10 years after the original report on the Kit 'paramutation' (Rassoulzadegan et al. 2006) , sperm RNAs remain the only causal mechanism proven to be involved in epigenetic germline inheritance in mammals. Their causal involvement has since gained strong support from several independent labs (Chen et al. 2016a; Gapp et al. 2014; Grandjean et al. 2009; Grandjean et al. 2015; Rodgers et al. 2015; Wagner et al. 2008) . The original work on the Kit tail pigmentation phenotype was recently validated (almost 10 years after its initial report) by a different lab and extended in interesting ways to show that transmission also occurs through oocytes, and that the piRNA/miRNA machinery limits the efficacy of transmission (Yuan et al. 2015) . Several recent reviews have provided an excellent overview regarding the type of RNAs present in germ cells and the role of RNAs in germline epigenetic inheritance (Sharma & Rando 2017; Jodar et al. 2013; Jodar et al. 2016; Chen et al. 2016b) . The current review takes a narrower look at two areas in which major breakthroughs in the field are likely imminent, where new technological developments will make an impact, and where previous work might be able to inform and benefit future studies. We will also return several times to the critical insights provided by the early and more recent work by the group of Minoo Rassoulzadegan.
Which class of sperm RNAs are involved in epigenetic germline inheritance?
The first demonstration that an environmentally induced effect can be transmitted from father to offspring through RNAs was provided by Gapp et al. (2014) . In this experiment, total RNA extracted from the sperm of mice exposed to early life traumatic stress was injected into fertilized oocytes and -just as in naturally bred offspring -induced a complex phenotype in the next generation, including behavioral alterations in stress-coping mechanisms, hypermetabolism and stress-induced glucose release. Several miRNAs and a cluster of piRNAs were also altered in the sperm of stressed fathers. Rodgers et al. (2015) then showed that intra-zygotic injection of a cocktail of nine miRNAs -previously identified to change in sperm after adolescent or adult chronic stress exposure (Rodgers et al. 2013 ) -could reduce several target mRNAs in the zygote and induce blunted HPA axis activation in the adult offspring. Simultaneously, Grandjean et al. (2015) also provided support for a role of miRNAs in epigenetic germline inheritance. They reported that a high-fat/sugar diet leads to a metabolic phenotype in the resulting offspring and grandoffspring, characterized by increased weight, insulin resistance and impaired glucose tolerance. These diet-induced changes could be phenocopied by injecting the RNAs from sperm or testis of high-fat diet males into fertilized oozytes. Several miRNAs and piRNAs were increased in high-fat diet sperm, and injection of a single miRNA (miR-19) was able to partially reproduce the metabolic phenotype.
However, another line of experiments suggests a role for tRNA-derived RNA fragments (tRFs) rather than miRNAs; tRFs were claimed to be the most abundant class of RNAs in mature spermatozoa (Peng et al. 2012 ), yet their origin and function is unclear. This again started with the work of Minoo Rassoulzadegan's team, who showed that the RNA methyltransferase Dnmt2 is required for transmission from father to offspring in two well-established animal models of epigenetic germline inheritance (Kit paramutation and Sox9 gigantism described above) (Kiani et al. 2013) . While Dnmt2 heterozygous males can transmit their 'paramutation' phenotype to the offspring, Dnmt2 knockouts cannot. The authors suggest that Dnmt2 likely functions to either alter tRNAs, known Dnmt2 substrates, and/or to stabilize mRNAs or RNA fragments during gametogenesis. In support of this, they show altered tRNA methylation in sperm of Dnmt2 knockouts, and increased methylation at RNA corresponding to the Kit sequence in the Kit paramutation model.
Two studies from other labs recently provided additional evidence for a causal involvement of tRFs in epigenetic germline inheritance. Chen et al. (2016a) use a high-fat diet model to show insulin resistance in the exposed animals and in their offspring generated by sperm head injection into normal mouse oocytes. Interestingly, when directly injecting RNAs into naïve zygotes, the effect of paternal diet was only phenocopied in the offspring of mice injected with the tRF-containing size-fraction of sperm, but not the miRNA nor long RNA-containing fractions. In line with the findings on Dnmt2 knockouts discussed above, they find increases in RNA methylation in the sperm of high-fat diet fathers. These modifications seem to be critical for successful transmission, as synthetic tRFs are not able to reproduce the phenotype. The second recent study on tRFs conducted by the team of Oliver Rando used a low-protein diet in males and observed strong increases in glycine-tRFs in sperm cells . After showing that sperm acquires tRFs during transition through the epididymis via epididymosomes that act as exosome-like RNA shuttles between epididymis and maturing spermatozoa, the authors go on to identify the biological function of tRNs in embryonic stem cells. They report that tRF-Gly-GCC regulates genes targeted by the endogenous retroelement MERVL, and that these targets are decreased in zygotes after in vitro fertilization with sperm from low-protein diet males. Similar results are observed when injecting the small RNA fraction from the sperm of low-protein diet males, and even when injecting synthetic tRF-Gly-GCC oligonucleotides. While it is technically and conceptually very elegant to study the impact of sperm-RNA populations on the transcriptional profile of the early embryo, it remains to be shown whether the observed effects have phenotypic consequences in the developing offspring. Previous work from the same group has suggested heritable effects of low-protein diet on liver transcriptome (Carone et al. 2010) , and others have reported diet-induced transgenerational effects on liver function, glucose/insulin metabolism and obesity (Sales et al. 2017) , thus it is likely that the tRF-induced changes have an impact on the offspring's health.
How can we reconcile these findings?
Although it is striking to consider that all this evidence in favor of RNA-mediated inheritance of acquired phenotypes has been gathered only in the last 4 years, there are considerable inconsistencies between these individual findings (Gapp & Miska 2016) . Grandjean et al. (2015) find that much of the diet-induced phenotype can be reproduced by zygote injection of testis RNA or a single synthetic miRNA, and Rodgers et al. (2015) show that a stress-induced blunting of the stress-axis can be mimicked by zygotic injection of several synthetic miRNAs. In contrast, Chen et al. (2016a) phenocopy some of the diet-induced effects by injection of the tRF-containing fraction, with no effect when injecting the short (miRNA-containing) or long RNA fractions, nor synthetic oligonucleotides. Further, synthetic oligonucleotides fail to reproduce the phenotype in the Dnmt2-dependent Kit-paramutation model (Kiani et al. 2013) , whereas synthetic oligos mimic the effects of whole sperm on the embryo transcript in the work of Sharma et al. (2016) . Sharma et al. cannot phenocopy the altered embryonic gene expression in the offspring after sperm head injections of premature sperm, and they propose that the lack of tRF fragments at this stage of sperm development might be responsible. At least two scenarios are possible, which are not necessarily mutually exclusive. A given environmental stimulus might act on various subsets/classes of RNAs that elicit changes in the developing embryo either via distinct (possibly redundant) mechanisms, or by converging on some shared downstream pathway. Distinct RNA classes could become stabilized by different mechanisms, and might unfold similar actions after reaching the zygote, e.g. by inducing chromatin rearrangements around their homologous genetic target region. Interestingly, earlier work by Rassoulzadegan's group has shown twice, within two individual models of epigenetic germline inheritance, that some complex phenotypes can be inherited by single synthesized miRNAs, but also by complex RNA mixes collected from various tissues. First, in the Cdk9 'heart-hypertrophy' model, zygote injection of miR-1 as well as injection of fragments of the Cdk9 gene itself were able to induce the same phenotype. The fact that the miR-1 target Cdk9 was increased rather than degraded in the zygote, whereas many other known miR-1 target mRNAs were not altered, suggests a mode of regulation independent of the canonical miRNA pathway. Second, injecting fertilized oozytes with miR221/222 (targeting Kit) mimicked the Kit tail pigmentation phenotype, yet the same effect was also achieved by injection of oligoribonucleotides mimicking segments of the Kit coding sequence, or by injecting somatic RNA (harvested from brain tissue) of Kit-heterozygous mice into the zygote (Rassoulzadegan et al. 2006) . In contrast to this, a canonical mode of miRNA function was suggested by Rodgers et al., who find that injecting a cocktail of nine stress-induced miRNAs into fertilized oocytes leads to rapid downregulation of several of its predicted mRNA targets in the zygote (Rodgers et al. 2015) .
Obviously, many issues regarding the class of RNAs involved in epigenetic germline inheritance and the mechanisms they use to transmit information to the offspring remain unresolved. The field would benefit from more complete phenotyping of the environmentally triggered effects across generations. This would allow a more accurate evaluation of the potential of RNA to transmit different aspects of a given catalog of acquired traits. It could also help to determine if other mechanisms operate in parallel to RNAs to transmit individual traits of the phenotype.
In addition, important insights could be gained if different models of epigenetic germline inheritance tried splitting sperm RNA of exposed fathers into various fractions, then delivering them individually or as whole RNA to the zygote, and carefully characterizing which fraction of sperm RNAs actually contributes to transmission of the multiple components of a heritable phenotype. This approach has suggested a role for tRF -sized RNAs in the diet-induced model used by Chen et al. 2016a , but it remains to be seen if this generalizes across different models. However, one important caveat of this approach is that piRNAs are indistinguishable in size from tRFs. In the study by Chen et al., piRNAs are therefore contained in the tRF-sized sperm RNA fraction. Given that synthetic tRFs did not phenocopy the diet-induced effects, an alternative explanation to the involvement of tRF modifications is the contribution of piRNAs. Altered sperm piRNA clusters have been identified in three independent rodent models of epigenetic germline inheritance (Gapp et al. 2014; Grandjean et al. 2015; Schuster et al. 2016a) , they play a key role in transgenerational transmission in Drosophila and C. elegans (Ashe et al. 2012; Le Thomas et al. 2014) , and appear to be involved in genomic imprinting in mice (Watanabe et al. 2011) . It is also conceivable that different classes of sperm RNAs mediate individual characteristics of a complex phenotype (e.g. glucose tolerance vs. cognitive deficits). So far, most experimental manipulations have been focused on miRNAs and tRFs, yet piRNAs and long noncoding RNAs (lncRNAs) are also likely to play a critical role in transmission. LncRNAs are also present in sperm and play a key role in genomic imprinting as well (Peters 2014) . Given that injection of the entire somatic or sperm RNA content has been shown to lead to heritable phenotypes in different models (Chen et al. 2016a; Rassoulzadegan et al. 2006; Gapp et al. 2014) , the role of piRNAs and lncRNAs needs to be investigated.
Notably, in the Kit tail pigmentation model, Rassoulzadegan et al. (2006) originally noticed an accumulation of Kit RNA fragments of unknown origin/sequence in the sperm. It would be extremely interesting to revisit this and other classic models and use current state-of-the-art sequencing techniques to characterize the precise RNA content of the sperm cells. That being said, rapidly evolving method development is still changing RNA-sequencing approaches and sample preparation strategies to optimize the detection of various classes of sperm RNAs and their modifications (Cozen et al. 2015; Pantano et al. 2015; Peng et al. 2012; Schuster et al. 2016b; Zhang et al. 2017; Zheng et al. 2015) . SpermBase (www.spermbase.org) is a recent effort to integrate these rapidly accumulating data into a single database (Schuster et al. 2016b) . In a recent study on human lung cancer it was discovered that two miRNA loci in fact transcribe tRFs, which were compared functionally to piRNAs and detected in complexes with Piwi-like protein 2 (PIWIL2; Pekarsky et al. 2016) . Hence, it is safe to assume that we do not yet have a complete picture of the full complexity and nature of sperm RNAs, and that differences in sperm RNA preparation, sequencing and analyses contribute to variable results and conclusions. Various labs are currently cataloging environmentally induced changes in sperm-RNA composition in different animal models. Over the next few years, this will advance our understanding of which classes of sperm RNAs are altered by environmental exposures, show whether there are similarities between different models of epigenetic germline inheritance, and maybe unveil organizing principles underlying these changes. Knowing exactly what RNAs are altered and delivered would enable experiments to block or reverse transmission, rather than mimic it, studies that are still lacking to date.
Sperm RNAs: how they get there
The realization that environmental factors can shape the composition of the RNA cargo delivered by sperm cells to oocytes has immediately led to the question where these RNAs originate from in the first place. They might be produced in sperm cells and/or be delivered to them from outside. In the first scenario, developing sperm cells would express RNAs in response to external stimuli, and would likely require mechanisms for stabilization/storage, since transcription ceases in the haploid sperm cell (Johnson et al. Genes, Brain and Behavior (2018) 17: 1-12 2011). Alternatively, although not mutually exclusive, RNA could be delivered to the sperm through long-range signaling via the circulatory system (blood), or through short-range signaling from tissue surrounding sperm cells (Dinger et al. 2008; Sharma 2015; Sharma 2016) . Virtually nothing is known about the latter possibility, except that Sertoli cells show transcriptomic and epigenomic changes in response to environmental challenges (Guerrero-Bosagna et al. 2013 ). In the future, studies on spermatogonial stem cell cultures could provide an in vitro system to test if (and how) exposure to various stimuli might change the sperm's RNA profile. Considering the idea that RNAs can shuttle between tissues, some intriguing experimental support is available. Recently, miRNAs derived from adipose tissue were shown to regulate gene expression in distant tissues via serum exosomal transfer (Thomou et al. 2017) . Circulating RNAs are abundant in blood, and are protected from RNases by associating with high-or low-density lipoproteins (Vickers et al. 2011) and RNA-binding proteins including Argonaute (Arroyo et al. 2011) , or by packaging in extracellular vesicles (EVs) such as exosomes or microvesicles (Colombo et al. 2014; Pegtel et al. 2010; Raposo & Stoorvogel 2013) . Intriguingly, cancer research has recently showed that tumors release exosomes that can travel through the bloodstream and bind to specific target tissues through various integrins expressed at the exosome surface Hoshino et al. 2015; Melo et al. 2015) . Further, one study just reported that miRNAs can be selectively sorted into EVs by tumor cells (Teng et al. 2017) . It has been known for a while that the epididymis releases EVs (epididymosomes), although their function remained largely elusive and they were thought to provide necessary proteins to the transcriptionally silent spermatozoa or support sperm motility (Sullivan & Saez 2013) . Only very recently were these epididymosomes shown to contain miRNA and tRFs that can be specifically shuttled to spermatozoa as they progress through the epididymis (Reilly et al. 2016; Sharma et al. 2016) . This currently presents the best evidence of a transport mechanism of RNA species from somatic cells to sperm cells. Similar processes may carry on during and after ejaculation, as semen (particularly seminal fluid) is rich in EVs containing significant numbers of short and long noncoding RNAs (Jodar et al. 2016; Vojtech et al. 2014) .
It remains unclear which organ(s) secrete these EVs, and whether they are primed to release their contents directly into sperm cells or via an intermediate tissue surrounding sperm cells. As mentioned above, it is possible that EVs are generated inside the epididymis in response to environmental signals, yet it seems unlikely that the epididymis can have such a specific yet broad repertoire of responses, considering the highly complex stimuli that can trigger epigenetic germline inheritance, and the complex phenotypes that manifest as a result. However, it is noticeable that many independent environmental exposures lead to partially overlapping consequences (reviewed recently in Bohacek & Mansuy 2015) . A general pathway, e.g. activation of the immune system, could be a common mechanism that is triggered in response to various factors and stimulates a specific set of responses in the epididymis, thus allowing convergence of effects. Immune activation was recently shown to induce transgenerational epigenetic germline inheritance (Weber-Stadlbauer et al. 2017) , providing a promising line of research to understand how various environmental stimuli might lead to common downstream effects. As an alternative to the proposed integration function of the epididymis, individual organs can release these EVs as they adapt to environmental influences and might target these exosomes via specific surface integrins directly to spermatozoa (possibly through the epididymis). Some preliminary support for this concept comes from a study by Zeybel et al. (2012) focused on transgenerationally heritable effects on wound healing after chronic liver injury in rats (discussed earlier). The authors conducted an elegant serum transfer experiment, in which they repeatedly injected serum from mice with liver injury into naïve recipient mice. Very similar to the liver-injured donors, the recipients showed increased H2A.Z at the gene promoter of peroxisome proliferator-activated receptor gamma (Pparg) in sperm, a gene involved in liver injury. This suggests that serum transfer can induce chromatin alterations in the germline presumably via the bloodstream. The authors then showed that these factors also seem to be released from cultured fibroblasts, which notably constitute the most abundant cell in connective tissue of animals. While the nature of these soluble factors remained unidentified at the time, it is intriguing to speculate that they might in fact be RNAs that could be shuttled to the sperm cell through EVs, epididymosomes, or bound to carriers such as low-density lipoproteins or argonaute proteins (Bohacek & Mansuy 2015; Sharma 2016) . Going forward, studying circulating factors that could be released from various tissues/organs and reach the germline will be a key opportunity to propel the field forward. Serum transfer is an elegant technique that should be applied to other models of epigenetic germline inheritance to determine whether the results by Zeybel et al. can be reproduced in other model systems, and whether general principles for soma-to-germline communication will emerge. At the same time, serum is an easily accessible bodily fluid available from many patient cohorts, allowing translational approaches in a field, that has thus far largely focused on basic research (Zeybel et al. 2012) .
Similar phenotypes across generations, is it all in the sperm RNAs?
The original study describing that complex, stress-induced behavioral and metabolic changes could be passed from parent to offspring through sperm RNAs noted a surprising feature: phenotypical changes could be passed down to the grandoffspring, yet the miRNA changes observed in the sperm of the father were not detected in the sperm of the offspring (Gapp et al. 2014) . This is somewhat puzzling because it is natural to expect that if an environmental factor leads to similar phenotypical changes in offspring and grandoffspring, that the sperm of both father and offspring should show similar alterations. However, several reports now show that the altered RNA species detected in the sperm of the father differ from those observed in the sperm of the offspring, despite similar phenotypes transmitted to the next generation (Fullston et al. 2013; Fullston et al. 2016; Gapp et al. 2014; Grandjean et al. 2009 ). Therefore, sperm RNAs are necessary and sufficient to initiate transgenerational epigenetic germline inheritance (i.e. father, offspring and grandoffspring are affected), but might not be required for maintaining the information passed from offspring to grandoffspring. This suggests one of two scenarios, one simple and one more complex. The simple scenario would be that sperm RNAs are in fact responsible for both inter-and transgenerational transmission, yet all studies thus far might have focused their molecular analyses on the wrong targets. Given the complexity of the sperm RNA profile discussed earlier, this is actually a reasonable scenario, and it could be tested in the following straightforward experiment. Sperm-RNA transfer (injection of whole-sperm RNA to a fertilized oocyte) could be conducted with the sperm of the father as already described by several groups (Chen et al. 2016a; Rassoulzadegan et al. 2006; Gapp et al. 2014) , and then repeated with the sperm RNA of the offspring. To the best of our knowledge, this experiment has not yet been conducted. If the sperm RNA of the offspring were not able to transmit the phenotype to the grandoffspring, it would prove that things are more complex and another epigenetic mechanism must take over to allow transgenerational transmission. But which other epimodifications might sperm RNAs interact with to program more permanent changes into the germline? Apparently, this interplay -if it occurs -is not necessary in the sperm cell of the exposed father, because sperm RNA injected directly into the zygote are sufficient to transmit certain phenotypes. However, it is important to bear in mind that zygotic RNA injection has so far only been shown to induce some aspects of a more complex heritable phenotype. Therefore, it cannot be excluded that in a natural scenario altered sperm RNA engages in an interplay with other epimodifications during spermatogenesis. Never the less, the injected RNAs at least contribute to altering developmental processes of the offspring in a way that affects heritable information storage during spermatogenesis. An intriguing lead on this question was again provided by the pioneering work of Minoo Rassoulzadegan and her team (Grandjean et al. 2009 ), who showed that microinjection of miR-124 into fertilized embryos led to gigantism in the offspring and several subsequent generations through the male line (F0-F3). This was due to an accelerated growth rate starting during early embryogenesis, and linked to the miR-124 target gene Sox9. Interestingly, miR-124 was not altered in any of the sampled tissue of the direct offspring (F0, resulting from the RNA-injected embryo). Instead, an increase in the repressive histone marks H3K9me2 and H3K9me3 at the Sox9 locus was observed in the embryo at embryonic day E6.5, and also in the F1 offspring at the same embryonic stage. This suggests a mechanism by which sperm RNAs could guide chromatin remodeling in the embryo. Support for an involvement of chromatin remodeling was also reported in mice fed a low-protein/high sugar diet, which have decreased H3 lysine 27 trimethylation (H3K27me3) at specific genetic loci in sperm (Carone et al. 2010) . Intriguingly, the same paradigm was used by the same lab later to show that tRFs are increased in sperm and mediate transmission, raising the possibility that there might be cross-talk between sperm RNAs and HPTMs. In a very interesting study, Zeybel et al. (2012) exposed rats to a hepatotoxin to induce liver fibrosis and found that it suppresses the wound-healing response in the offspring and grandoffspring. While the nuclear receptor peroxisome proliferator-activated receptor gamma (Pparg) was differentially methylated and expressed in the liver, analyses in sperm showed lower H3K27me3 and that occurrence of the H2A.Z variant was increased at the Pparg promoter. H2A.Z is a histone variant that is mutually exclusive with DNA methylation and can be retained during spermatogenesis (Hammoud et al. 2009 ), thus it constitutes an interesting target that allows cross-talk between different epigenetic marks in germ cells. As mentioned earlier, piRNAs and lncRNAs play important roles in chromatin remodeling in genomic imprinting, thus their involvement in epigenetic germline inheritance needs to be assessed more carefully. In this context, a recent study by Schuster et al. 2016a provides interesting insights. It exploits the original rat model of Michael Skinner based on vinclozolin-induced transgenerational inheritance of a complex disease phenotype in rats. In the grandoffspring of males exposed in-utero to vinclozolin (F3 generation), they found many alterations in various classes of sperm small noncoding RNAs (sncRNAs), including miRNAs, piRNAs, mitochondrial small RNAs and numerous tRFs. They then compared the regions containing the altered sperm sncRNAs with previous DNA methylome data from sperm cells of the vinclozolin F3 generation . Their analyses suggest that differentially methylated regions preferentially coincide with differentially expressed sncRNAs, thus proposing an interesting link between DNAme and sperm RNAs that could play out in a complex, transgenerational manner.
Coming full circle: is it DNA sequence after all?
A provocative alternative could explain, why environmentally induced changes in paternal sperm RNAs are not detectable in the offspring: Epigenetic inheritance might not exist as such in mammals, and intergenerational effects only become truly transgenerational when engraved in the DNA sequence. This could explain persistent changes in histone PTMs and DNAme in sperm of subsequent generations, but as a consequence of an altered DNA sequence. Correlations between epigenetic state and alterations in mutation rate Makova & Hardison 2015; Sved & Bird 1990; Ying & Huttley 2011) or copy variation number (Tang et al. 2012) have been observed in various mammalian models including primates and humans. A recent study in mice suggested the discovery of a novel class of epialleles -consisting of rDNA -whose epigenetic state is dependent on the interaction between the underlying genotype and early life nutrition, and that correlates with life-long growth restriction (Holland et al. 2016) . However, it remains to be determined whether these epigenetic states and the resulting phenotypes are heritable and have casual impact on rDNA copy number variation, or whether they are the result of the underlying genetic variability. At least, in flies heritable diet-induced changes in copy number variation have been reported (Aldrich et al. 2015) . RNA-mediated mutagenesis and ribosomal DNA replications have been linked to stress exposure in bacteria (Bjedov et al. 2003) and fish (Symonová et al. 2013) , respectively. Thus, for nonmammalian systems this closes the loop, explaining how environmentally induced epigenetic alterations can lead to heritable changes reconciled at the DNAme level. Perusing a similar idea in mammals, Skinner and colleagues tried to correlate vinclozolin exposure in rats with changes in DNAme and copy number variation in the sperm of third-generation offspring . Despite finding a connection between vinclozolin and copy number variation, they could not show a correlation with epigenetic modifications. This may have been due to limited depth of assessing DNAme, or because other epimodifications might be involved. Therefore, the causal link between environmental impacts, epimodifications and heritable rDNA copy number variation remains unclear in mammals and awaits further studies.
Outlook 1: what shall we watch out for in future experiments?
To untangle the precise interplay between sperm RNAs, other chromatin modifications and potential changes in DNA sequence in sperm cells across generations, new technologies and fresh ideas will be necessary. First, it needs to be rigorously tested whether or not sperm RNAs are sufficient to transmit information from parent to offspring, and from offspring to grandoffspring. Then, it will be useful to compare RNA-signatures in sperm cells of the exposed parent generation to developmental changes in the early embryo, ideally using the same sperm samples to reduce variance from inter-individual differences (Shea et al. 2015) . In addition, simultaneous epigenome screening for RNAs, DNAme and HPTMs, combined with genome sequencing in a single sperm preparation would be extremely helpful to gain clues as to how these mechanisms might be co-regulated. For such approaches, however, better sperm isolation methods are needed to allow multiple omics analysis on limited amounts of starting material. In addition, the field has heavily focused on correlating DNA methylation changes between sperm of father and somatic cells or sperm profiles of the offspring, with limited success (Carone et al. 2010; Nilsson & Skinner 2015; Radford et al. 2014; Shea et al. 2015; Skinner et al. 2010) . If it holds true that the same epimodifications observed in the sperm of the parent do not persist in the sperm of the offspring, it appears to make more sense to invest resources into epigenomic screens of the offspring's sperm, and to try to correlate them with somatic changes in the grandoffspring. However, DNA methylome analyses in the sperm of fathers have showed considerable variance between individuals (Shea et al. 2015) . To overcome this source of variability, large group numbers and deep bisulfite sequencing will be necessary, currently making this a costly endeavor. Analysis of HPTMs in sperm is similarly challenging, because of the vast number of possible targets and the low percentage of histone retention in sperm. New technologies such as ATAC (assay for transposase-accessible chromatin) sequencing (Buenrostro et al. 2013 ) enable a broader screening to first identify (epigenome-wide) open chromatin sites and then develop more targeted hypotheses.
Further, recently developed technologies now allow us to study RNA-DNA interactions in vivo on a genome-wide scale. Although in its infancy, initial analyses show hundreds of chromatin-associated RNAs, suggesting that RNA interactions with chromatin are much more widespread than anticipated (Chu et al. 2015; Sridhar et al. 2017) . Similar analyses in sperm cells or early embryos using well-established models of epigenetic inheritance should show insights regarding the nature, function and targets of RNAs delivered from sperm to the oocyte.
Outlook 2: epigenetic germline inheritance through oocytes
Eggs contribute more to the zygote than the sperm (Zuccotti et al. 2011) . They store RNA that is crucial to early embryonic development and are the exclusive providers of mitochondria, which are malleable by the environment and hence constitute potential information carriers (Igosheva et al. 2010; Wu et al. 2015) . In contrast to sperm, histones are not replaced by protamines and can thus carry much more information encoded in histone PTMs, although these undergo extensive reprogramming (Zheng et al. 2016) . Altogether, oocytes thus harbor an expanded repertoire for mechanisms that could support epigenetic germline inheritance. In spite of this, much less is known about epigenetic inheritance down the female line, perhaps because study design is more demanding owing to several confounding factors specific to the female line. These confounds include the intrauterine environment during preimplantation and gestation (Borengasser et al. 2014; Sasson et al. 2015; Shankar et al. 2011; Sun et al. 2012) , maternal care (Cutuli et al. 2015; Weaver et al. 2004) , milk composition during lactation (Sun et al. 2012; Vogt et al. 2014 ) and the peri-and postnatal transmission of the maternal microbiome (Le Chatelier et al. 2013) . With these caveats in mind, female line transgenerational effects have been reported in models employing exposures such as environmental enrichment (Arai & Feig 2011; Leshem & Schulkin 2012) , dietary intervention (Huypens 2016; Padmanabhan et al. 2013) , pesticides (Manikkam et al. 2014) and stress (Weiss et al. 2011) .
Although it is tempting to speculate that -similar to the male line -RNA may be implicated in the transmission, this has not yet been tested experimentally. Notably, that the oocyte could provide much higher amounts of environmentally altered RNAs to the embryo than any single sperm would be able to deliver. Similar to sperm cells, altered RNA could originate from within the gamete, or be shuttled to the gamete from outside. When weighing the two possibilities, a particularity of female gametes has to be considered: As opposed to spermatogenesis, where new cells are produced throughout life, mammalian oocytes are halted during meiotic prophase 1 until the menstrual cycle starts in puberty. While epigenetic remodeling continues, transcription finally ceases before ovulation and continuation of meiosis (Bouniol-Baly et al. 1999) . Although this does not exclude the possibility that RNAs could be altered in the oocytes in response to environmental factors and then stored until maturation, it appears more likely that RNAs are taken up from oocytes. Indeed, it has been shown in other animal classes that oocytes can take up RNA from their surrounding at any developmental stage (Steinhauer & Kalderon 2006) . Understanding epigenetic inheritance through the female line is at least equally important as studying the male line. Therefore, future work will need to combine clever experimental strategies such as RNA injections into the female pronucleus with embryo transplantation and cross-fostering designs (described in to elucidate the mechanisms of female line inheritance of acquired traits.
Conclusions
Epigenetic germline inheritance is a new, exciting and rapidly moving field of research that challenges long-held assumptions of genetic inheritance. After approximately a decade of focusing on DNAme, recent findings involving sperm RNAs have created great momentum and stimulated many new questions, which labs around the world feverishly work on. Hopefully, some of the ideas proposed in the current review will help to channel and guide some of these ongoing endeavors. Recently, detailed guidelines for designing studies on epigenetic germline inheritance have been suggested , and following these recommendations will help to integrate the quickly expanding body of literature, and to keep a handle on the increasingly complex approaches that characterize this extremely multidisciplinary field. Beyond the work in mammals, it will be important to also look to prominent examples of epigenetic germline inheritance in Drosophila and C. elegans, where the processes for inheritance are already much better understood [for recent reviews see (Houri-Zeevi & Rechavi 2017; Miska & Ferguson-Smith 2016) ]. Although there will be differences between species, there are also parallels from which work in mammals can draw inspiration and guidance. It is likely that research on epigenetic germline inheritance will show important new insights regarding the heritability of disease risk, inspire strategies for disease prevention, and further our understanding of fundamental processes that shape the activity of our genomes starting from before the time we are conceived.
